Plate-type phosphor is a promising substitute in overcoming the issues related to the powder phosphor paste mixed with resin. In this research, Ca-α-SiAlON:Eu 2+ plate phosphor (Ca x Si 12-(m+n) Al m+n O n N 16-n :Eu y ) was investigated for the varied compositions (m,n) of the host crystal with the fixed Eu content (y). Densification was promoted for the compositions with increasing 'm' values for the m=2n relationship. Dictated by the Eu concentration inside the phosphor crystal, photoluminescence intensity was stronger in α2 specimen (m = 3.0, n = 1.5) containing the second phases when compared to α1 specimen (m = 1.5, n = 0.75) comprising a single-phase α-SiAlON. The concentration of Eu in the non-emitting amorphous interfacial glass phase was 2~4 times of the designed Eu concentration inside the α-SiAlON crystal.
Introduction
n the midst of the global demand for energy savings and low-carbon green growth, the application of white LEDs (light emitting diodes) for general illumination and in display devices is currently an active issue. There are several means of producing white light based on LED technology, each of which involves the use of various phosphors. Phosphors for white LEDs are categorized by their composition, consisting of various oxides, sulfides, oxynitrides and nitrides. Among the group of phosphors, (oxy)nitride phosphors are more recent developments and are now in the early stages of commercialization. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] (Oxy)nitride phosphors are better suited for use in white LEDs when compared to oxide and sulfide phosphors mainly for two reasons. First, (oxy)nitride phosphors exhibit higher absorption efficiency and greater emission in the long wavelength region owing to both a stronger crystal field and a nephelauxetic effect. The second reason is that (oxy)nitride phosphors possess superior lighting-liability characteristics, partially due to their well-known small thermal quenching capability. In particular, oxynitride SiAlON phosphors have been attracting more interest recently due to their wide range of emission, ranging from green to red, and their excellent thermomechanical properties.
As is well known, the manufacturing of the current type of commercial white LEDs requires a LED chip and a phosphor powder. Generally, the phosphor powder is mixed with transparent resin and the paste is coated onto the LED chip. Although this type of pasting method is widely employed in the industry, several problems related to the intrinsic property of the paste should be overcome. Such problems include the potential for inhomogeneous mixing, the low level of thermal conductivity, degradation of the light extraction and translucency characteristics, and the high error rate which arises during the packaging process. In view of these drawbacks of phosphor pastes, the platetype phosphor has been highlighted as a promising substitute for use in the fabrication of high-power LED lighting types. [12] [13] [14] [15] The requirements for a thin-plate phosphor for white LEDs include a high level of translucence, good photoluminescence (PL), and sufficient mechanical strength. As plate phosphor-based LED technology is in its infancy, a precise understanding of both the sintering of a plate phosphor and its material properties is still lacking. Hence, in this research, the sintering behavior of yellowemitting Eu
2+
-doped Ca-α-SiAlON and its PL characteristics are investigated. A systematic study was undertaken to understand the effect of the composition on both the SiAlON crystal and the interfacial glass phase (IGP) and PL spectra.
Experimental Procedure
The staring materials for the sintered plate phosphor were Si 3 N 4 (SN-E10, Ube industries, Ltd.), AlN (99.99%, grade B, H.C. Starck), CaCO 3 (99.9%, Kanto Industries, Ltd.), and Eu 2 O 3 (99.99%, Aldrich). The nominal composition of the plate phosphor in this research was Ca x Si 12-(m+n) Al m+n O n N 16-n :Eu y . The compositions α1 (m = 1.5, n = 0.75) and α2 (m = 3.0, n = 1.5), located on the tie line between Si 3 N 4 and CaO· 3AlN of the Ca-α-SiAlON phase diagram, satisfy the relationship m = 2n. 16) As alumina (Al 2 O 3 ) was not incorporated in this research, the composition α3 (m = 1.5, n = 1.5) is out of the phase plane of Ca-α-SiAlON. The single phase of α-SiAlON was expected for α1, while better sinterability was pursued for α2. The nomenclature and the composition of the three specimens are listed in Table 1 . The content of Eu as the activator was fixed at y = 0.07, which corresponds to 0.24 at% of all constituent elements. The nominal contents of Eu and Ca in the α-SiAlON crystal are determined by the 'm = 2x + 3y' relationship to realize charge neutralization. Appropriate amounts of raw materials were weighed carefully and mixed for 4 h by planetary milling using a nylon jar, Si 3 N 4 balls, and anhydrous alcohol. The dried mixed powders were sieved through a 100 mesh sieve. A designated dose of 1.2 g of powder was compacted into pellets of f = 15 mm by t = 4.5 mm in size. The relative density of the green pellets after cold isostatic pressing at 200
MPa was approximately 54%. The pellets were placed in a BN-coated graphite crucible which was completely filled with 50BN-50Si 3 N 4 as a packing powder, and sintering was carried out in a graphite resistance furnace. Initially, the sintering experiments were done by heating to 900 o C and dwelling there for 1 h under a vacuum atmosphere to ventilate the CO 2 (g) that was generated by the decomposition of CaCO 3 . Later, nitrogen gas was introduced into the furnace chamber at a pressure of 0.1 MPa upon the end of the 900 o C vacuum soaking step. Both pressureless sintering (PL1800) and gas pressure sintering (LtoH1800, LtoH1900, and LtoH2000) were performed for 4 h at different temperatures, as indicated in the parentheses (four digits after 'LtoH') in order to densify the materials. For the LtoHxxxx sintering conditions, the nitrogen pressure was increased to 0.9 MPa with the sintering temperature, as specified above. The density was calculated according to the mass and volume of the sintered specimens (if the relative density 90%), while the Archimedes method by water immersion was utilized for samples with a relative density of more than 90%. The phases of the synthesized specimens were identified using an X-ray diffractometer (D/Max 2200, Rigaku) with Cu Ká radiation operating at 36 kV and 26 mA. The microstructural observations and quantitative analyses of both the SiAlON crystal and the interfacial glass phases (IGP) were conducted using transmission electron microscopy (JEM-2100F, Jeol). The PL spectra were measured in the reflection mode using a fluorescent spectrophotometer (Darsa Pro-5200, PSI Ltd.) equipped with 200 W Xe-lamp as an excitation source.
Results and Discussion
The relative density and weight loss of the sintered plate phosphor samples are plotted in Fig. 1 . Among the three compositions, the highest density was achieved for the α2 specimen by sintering it at 1800 and 1900 o C, while only the maximum densification was measured the α1 specimen after sintering it at 2000 o C ( Fig. 1(a) ). In contrast, the α3 specimen measured with low density for all sintering conditions. The highest density for the α1 specimen after sintering at 2000 o C is attributed to its lower weight reduction when compared to the other compositions. This indicates that the amount of the liquid phase, which is more volatile than the solid substances, is lowest for the α1 specimen, as shown in Table 1 . Figure 1(b) illustrates that the weight loss by LtoH2000 was approximately three times that in the other sintering conditions. It is known that the decomposition of Si 3 N 4 ceramics and SiAlONs cannot be fully suppressed by 0.9 MPa of nitrogen at 2000 o C.
17) The maximum relative density through the current experiment was close to 90%, which is lower than the reported density of Ca-α-SiAlONs for engineering applications. 16, [18] [19] [20] [21] [22] In spite of the deviation from the full density condition, useful knowledge regarding the compositional design of the Ca-α-SiAlON:Eu
2+
plate phosphor was acquired. First, the increase in the 'm' value for the compositions in the Si 3 N 4 -CaO· 3AlN tie line, m=1.5 for α1 and m = 3.0 for α2, promoted densification. Second, a composition out of the phase plane of Ca-α-SiAlON, α3 in this research, led to the lowest densification. The formation of an inhomogeneous layer on the specimen surface was identified by SEM observations and XRD analysis. These phenomena are common in the sintering of ceramics, and the cases in the current research are explained as follows. First, the luminescence of the embedding powder, a mixture of Si 3 N 4 and BN, indicates material transport from the specimen to the embedding powder. Second, impurities in the relatively low-grade embedding powder diffuse into the specimen along the opposite direction in the above case. Third, reduction and/or carburizing may take place at the surface of the specimen when a furnace with a graphite heating element and a graphite crucible used for sintering. Therefore, a phase analysis and PL characterization were conducted separately for the surface (assintered) and the inner part (1/4t machined) of the specimen. XRD patterns of the cross-sections (core) of the specimens are plotted in Fig. 2 . A single phase of α-SiAlON formed for α1 regardless of the sintering conditions, while second phases of 27R and AlN' were detected for α2 and α3 depending on the sintering condition. The vertical line near 2α = 50 o denotes a comparison between the peak shift degree. The amount of this shift was found to be proportional to the 'm' value, as the lattice parameter of SiAlON is larger than that of Si 3 N 4 owing to the longer bonding length of Al-N than that of Si-N. The larger low-angle shift for α2 (m = 3.0) compared to α1 and α3 (m = 1.5) is apparent in Fig. 2 . A quantitative analysis of the relationship between the peak shift and the PL characteristics will be discussed in a subsequent section. Figure 3 show the PL spectra collected from the cores of the specimens. The PL intensity of the plate phosphor was normalized using a custom-made Ca-α-SiAlON:Eu 2+ powder phosphor (m = 2.0, n = 1.0, y = 0.07). The weaker PL intensity in the plate phosphor is attributed to the smaller specific emitting area. The PL intensity calculated according to the integral of the PL spectra increased in the order of α3 < α1 < α2, as also observed with the measured density, except for LtoH2000. It is important to note that the PL intensity is stronger in the α2 specimen containing the second phases compared to the α1 specimen, which consists of single-phase α-SiAlON. It is postulated that the individual crystallinity rather than a single phase is more important overall for a high degree of PL intensity. The range of the variation of the dominant wavelength (DWL) for the plate phosphors shown in Fig. 3 was approximately 5 nm. On the other hand, a shift in the peak position in a direction toward a longer wavelength was noted for the plate phosphor (m = 1.5 and 3.0) compared to the reference powder phosphor (m = 2.0). The revelation of the difference between the plate and the powder is beyond the scope of the current research. Hence, it is left for future work. The PL intensity levels measured at the surface and at the core of the specimens are compared in Fig. 4 . The PL intensity of the specimen core (Fig. 4(b) ) is nearly twice that measured at the surface (Fig. 4(a) ). This difference is caused by the loss of the activator Eu and the contamination that occurred mainly on the surface of the specimen. The crucial factors to consider when fabricating a plate phosphor with excellent PL characteristics are revealed in the results shown in Fig. 4(b) . First, though the content of the activator Eu is fixed at 0.24 at% for all compositions, the PL intensity increases in the order of α3 < α1 < α2. This result indicates that the composition of the host crystal controls the PL characteristics if the activator content is fixed. Xie et al. compared to α1 (m = 1.5) in Fig. 4(b) is in good agreement with this tendency. However, the precise mechanism of 'm' value dependency is not investigated in their paper. Section 3.1 below is devoted to understanding the mechanism involved in this process. The lowest PL intensity in the α3 specimen is ascribed to the location of its composition point. In that it is located out of the phase field plane of α-SiAlON, the residual amorphous phase which does not emit PL was the most abundant phase. Second, the increase in the PL intensity with the sintering temperature for α1 and α2 is related to the crystallinity of the α-SiAlON and to the composition of the IGP. Section 3.2 deals with the effect of the sintering condition on the PL characteristics. Third, the relationship between the dominant wavelength and the PL intensity is described in section 3.3. The calculated 'm' value for α2 was 2.4 while those for α1 and α3 were both 1.2. The smaller 'm' values in the fabricated specimens compared to the designed values, 3.0 for α2 and 1.5 for α1 and α3, resulted from material transport and the residual grain boundary phase.
A TEM-EDX analysis was carried out for α1 and α2 to investigate the effect of the 'm' values on the PL characteristics. The concentration of Eu inside the SiAlON crystal was not measurable owing to its insignificant absolute content (0.24 at%). Therefore, the concentration of Eu was deduced indirectly from the measurement of the Ca concentration (Fig. 6) . The atomic percentage of Ca in Fig. 6 is based on the cations only due to the lower detection rate for anions. The Ca concentration of α2 showed some similarity between the design and measured values, whereas the measured value of α1 is higher than the designed value. The equation 'm = 2x + 3y' leads to the interpretation that the Eu concen- tration of α2 is similar to the designed concentration, while the Eu concentration of α1 is lower than the designed value. Though the designed Eu concentration is identical for α1 and α2, the concentration of Eu in the SiAlON crystals of the sintered plate is higher for α2, which contributes to its higher PL intensity. A plane and line analysis of the microstructure when it included both SiAlON crystal and IGP, as shown in Fig. 7 , directly illustrates the distribution of the component elements. Oxygen, calcium and europium are relatively abundant while nitrogen and silicon are deficient in the IGP compared to those elements inside the SiAlON crystal. As predicted by Fig. 7(f) , a quantitative analysis of the Eu concentration was possible for the IGP. The measurement of the Eu concentration in the IGP was plotted together with the theoretical stoichiometry, as shown in Fig. 8 . The IGP contains nearly four-fold and two-fold the amount of Eu compared to the designed Eu in α1 and α2, respectively. This result supports the lower Eu concentration of the SiAlON crystal for á1 according to the measurement of the Ca concentration, as shown in Fig. 6 .
The Effect of the Sintering Condition on the PL Characteristics
The formation of α-SiAlON with nearly the same 'm' value under various sintering conditions was observed in the XRD analysis. Figure 9 shows the result for α2, and the other sintering compositions were found to behave in the same manner. The calculated 'm' value for LtoH1900 is 2.4, while an 'm' value of 2.2 was determined for the other sintering conditions. This suggests that an equilibrium state of the SiAlON crystal is reached at the lowest temperature (1800 o C) based on the virtually similar 'm' values regardless of the sintering condition. The discrepancy between the varying PL intensity (Fig. 4(b) ) and the similar composition of the host crystal (Fig. 9) according to the sintering condition is explained by the results of the analysis of the IGP. The concentrations of Eu in the IGP are 2.55, 1.38, 0.95, and 0.50 at% for PL1800, LtoH1800, LtoH1900, and LtoH2000, respectively. Consequently, the Eu content inside the SiAlON crystal increases as the content of the Eu trapped in the IGP decreases. That is, the sintering condition affects the PL characteristics of the plate phosphor, not according to the 'm' value alone but depending on the activator Eu content in both the SiAlON crystal and IGP to some extent. Figure 10 shows the dominant wavelength of the PL spectra as measured inside the specimens (see Fig. 3 ). The plate phosphor in this study emits a yellow color whose peak ranges from 586 to 591 nm. The DWL of α2 (m = 3.0) is larger than those of α1 and α3 (m = 1.5). It is well known that the increase (decrease) in the degree of solid solution, the 'm' value, results in a red-shift (blue-shift) of the PL spectra for Ca-α-SiAlON:Eu 2+ phosphors. 4) Furthermore, the similar dependency of the DWL (Fig. 10) and PL intensity (Fig. 4(b) ) on the sintering conditions originates from the same mechanism. That is, the DWL and PL intensity are inversely proportional to the concentration of Eu in the IGP.
The Relationship Between the DWL and the PL Intensity

Conclusions
The fabrication and characterization of the plate phosphor Ca x Si 12-(m+n) Al m+n O n N 16-n :Eu y was investigated while focusing on the relationship between the microstructural composition and the PL characteristics. SiAlONs of various host crystal compositions (m,n) with a fixed content of Eu (y) were sintered by both pressureless and gas pressure sintering. The findings were as follows. First, an increase in the 'm' value to m3.0 led to enhanced densification for the compositions on the tie line between Si 3 N 4 and CaO·3AlN, satisfying the relationship m = 2n on the phase plane of Ca-α-SiAlON. Second, the α2 (m = 3.0, n = 1.5) specimen containing second phases exhibited stronger PL intensity compared to the second phase-free α1 (m = 1.5, n = 0.75) specimen. The concentration of the activator Eu inside the SiAlON crystal as deduced from the measured Ca concentration was higher in α2. The formation of the amorphous interfacial grain boundary phase absorbing activator Eu was attributed to the decreased 'm' value in the plate phosphor from the designed stoichiometry. Finally, the effect of the sintering condition on the PL intensity is related to the concentration of the Eu in both the SiAlON crystal and the IGP. Both the PL intensity and the shift in the dominant wavelength were affected by the formation of the IGP. The concentration of Eu in the IGP was 2~4 times greater than that designed for the stoichiometric α-SiAlON crystal. 
